INTRODUCTION
This paper presents an approach using data assimilation to take into account X-band Synthetic Aperture Radar (SAR) This work has been funded by GlaRiskAlp, the European project (2010-2013) on glacial hazards in the Western Alps, MeteoFrance, the French national meteorological service and Energy de France (EDF). Radar data was provided by German Aerospace Center (DLR). Measured data was realised by IETR (University of Rennes 1), Gipsa-lab (INP-Grenoble) and MeteoFrance.
DENSE MEDIA RADIATIVE TRANSFER FOR MULTILAYER SNOWPACK
The DMRT model simulates the multilayer snowpack backscattering coefficient in three components:
where :
• σ as and σ g represent the air-snow interface and snowground interface backscatterings, calculated using the Integral Equation Model (IEM) [1] .
• σ v represents the snowpack volume backscattering, calculated by resolving the vector radiative transfer equation at first order [2] .
THREE-DIMENSIONAL VARIATIONAL DATA ASSIMILATION
In general, modeling techniques are used to establish the relationship between the physical properties of natural environment and observations measured by a specific equipment (such as SAR or optical sensors). An inverse approach may then be developed to characterize the environment using the observations. However, such problems often require solving an underdetermined system, with a number of unknown quantities higher than the number of equations.
In our case, the number of input variables can reach 100 (in the case of snowpack with 50 layers, frequently generated by SURFEX/Crocus), whereas the output of the DMRT model only consists of backscattering coefficients corresponding to the polarimetric channels of SAR data.
Therefore the realization of an inverse model is theoretically highly ill-conditioned and practically pointless.
Data assimilation methods, on the other hand, require a vector of guess variables relatively close to the actual values, allowing to add an a priori information. The snowpack variables calculated by SURFEX/Crocus are used as guess in our assimilation scheme. The fundamental goal is to modify the initial guess variables, while balancing the errors of guess, modeling and measurements. It should be noted that, as the problem remains underdetermined, the analysis scheme only serves as a method to improve the initial guess variables using the new observations from SAR data.
The 3D-Var data assimilation method [3] involves the minimization of the cost function J:
where x is called the "state vector", which contains in our In order to minimize J, one needs to minimize its gradient:
where ∇H t represents the adjoint model of DMRT, which can be calculated by transposing the vector contains the partial derivatives of H with respect to each element of x. The adjoint model can be calculated either analytically of numerically. In our study, the numerical approach based on finite difference approximations is implemented.
The output of the 3D-Var assimilation is the analyzed state vector x a , which minimizes the cost function J. The SUR-FEX/Crocus model used in this study is capable of simulating continuously the detailed evolution of snowpack in the time. The execution of SURFEX/Crocus is stopped when a SAR observation is available, in order to launch the data assimilation algorithm. After this process, SURFEX/Crocus is re-initialized with the physical parameters of each snow layer from the analyzed state vector x a and then continue its execution. The whole system allows us to temporally constrains SURFEX/Crocus using SAR data. Figure 1 shows the global schematic of the data assimilation algorithm used in this study. Figure 4 shows the changes made by assimilation to the physical parameters of snowpack calculated by SURFEX/Crocus (density and optical grain diameter of each layer). It can be noted that the assimilation algorithm tends to increase the optical grain size while decrease the snow density. The snowpack after assimilation therefore has lower SWE value, as seen in figure 5 . This result agrees with certain studies in the literature [4] which show that SURFEX/Crocus overestimates the snow depth, and therefore the SWE.
CONCLUSION AND PERSPECTIVES
This study presents a new system using data assimilation and a multilayer snowpack backscattering model based on the radiative transfer theory to constrain the evolution of a snow- Future studies will concentrate on calibrating the assimilation process using in-situ measurements. Direct field measurements of the optical diameter using recently developed methods [5, 6] allow a direct comparison to Crocus output [7] . Future developments will also benefit from the recently finalized prognostic representation of optical diameter in Crocus [8] .
